A Ab bs st tr ra ac ct t Asymmetric regulation of Hox gene expression pre-dates the appearance of tetrapod digits, and was co-opted in the development of 'thumbness'. This asymmetric expression correlates with independent morphological evolutionary variation of digit 1.
H Ho ow w i is s t th he e t th hu um mb b d di if ff fe er re en nt t? ?
The earliest trace of a difference between the future thumb and the other digits is the expression of a subfamily of Hox genes, the AbdB-related group of Hox genes in the D cluster. Hox genes code for transcription factors, and most jawed vertebrates (with the exception of teleost (bony) fishes) have the Hox genes in four tightly linked clusters, called A, B, C and D [2] . Each gene cluster has the same 3' to 5' arrangement of corresponding genes, with those determining digit identity located at the 5' end of the cluster. In the embryo, the future hand or foot expresses four of these genesHoxD-13, HoxD-12, HoxD-11 and HoxD-10 [3] . The embryonic territories in which digits 2 to 5 develop express all four genes, whereas the thumb develops from a territory where only HoxD-13 is expressed. There is much evidence that this association between the absence of HoxD-12 to HoxD-10 expression and thumb identity is causally important. Misexpression of HoxD-12 [4] or HoxD-11 [5] in the digit 1 territory often leads to a digit 2-like morphology in the first digit. The thumb's characteristic gene-expression pattern even follows it when, during evolution, the digits have shifted their embryological position, as is the case in a bird's wing [6] . The most anterior digit in the avian wing has the morphology of a thumb but develops at a position that would normally give rise to digit 2. The expression of HoxD genes is like that of a thumb, however, confirming that digit 1 has indeed changed places [7] . The differential expression of HoxD genes is obviously important for 'thumbness'. So how is this differential expression achieved?
Montavon et al. [1] developed a quantitative model of the regulatory program leading to the differential expression of HoxD genes in the developing mouse front paw, using experimental data from a set of deletion and duplication mutations of the HoxD cluster and quantifying the levels of HoxD mRNA with reverse transcription PCR (RT-PCR). Their story is one of two mechanisms -topological proximity of genes and enhancers, and differential affinity of HoxD gene promoters for enhancer regions. Two enhancers located 5' of the HoxD cluster influence the transcription of the 5' HoxD genes. One is called GCR, located some 180 kb upstream of HoxD-13, and the other is called Prox, located between the GCR and the 5' end of the HoxD cluster. Montavon et al. [1] measured how genes closer to the enhancers GCR and Prox are more strongly transcribed than genes located more 3' -the effect of topological proximity.
Furthermore, there is evidence that different HoxD genes have differential affinity for the enhancer complex, thus generating a differential rate of transcription. Mechanically, the process seems to consist of three steps ( Figure 1 ). First the enhancer complexes forming at GCR and Prox associate, and then together they attach to a region between HoxD-13 and Evx2, which is a gene upstream of HoxD-13. From there, the enhancer complex starts to engage with promotor regions in the neighborhood of this point on the chromosome and initiates transcription at a rate related to the affinity between the promoter and the enhancer.
The study by Montavon et al. [1] is one of the first quantitative models of transcriptional regulation in limb development that is strongly supported by quantitative experimental evidence. It teaches us a number of important lessons about the evolution of gene regulation. One is that, at least in the case of Hox genes, the inherent asymmetry in the physical arrangement of the genes leads to an intrinsic nonequivalence in transcription levels. This is an inherent constraint, in the sense that no adaptive reason is needed to explain why HoxD-13 is more strongly expressed than HoxD-10. Montavon et al. suggest that a reduction of global levels of HoxD products in digit 1 can explain why HoxD-10, HoxD-11 and HoxD-12 are not detectable there. These intrinsic asymmetries lead to differential gene expression that can become the template for the evolution of asymmetries in morphological characters, as is the case for the thumb relative to all other digits.
The asymmetry of HoxD transcription associated with digit 1 could be reflected in the independence of evolutionary variation in digit 1 with respect to the other digits: digit 1 is the digit most frequently reduced or lost during evolution ('Morse's law' [8] ). In a remarkable recent paper in the Journal of Experimental Zoology, Reno et al. [9] show a pattern of correlated morphological variation in the evolution of elements of the forelimbs of the Anthropoidea (the monkeys, a group showing plenty of evolution in digit morphology). This pattern coincides with the late HoxD gene expression domains the authors observed in mouse forelimbs. For instance, Reno et al. show that changes in length of digits 2-5 in monkeys usually correspond to each other and to change in length of the distal forearm (Figure 2a) , whereas changes in digit 1 are independent. Accordingly, in late stages of mouse development, the expression domain of HoxD-11 comprises digits 2-5 as well as the distal-most part of the forearm (Figure 2b ), but is absent in digit 1. Reno et al. [9] suggest that up-or downregulation of the growth effects of HoxD-11 within this conserved expression domain can explain the observed phylogenetic pattern. It is notable that in this case, the correspondence was found for late expression patterns; indeed, the late-phase expression First is the proximity of a gene to the enhancers, such that HoxD-13 is expressed at a much higher level than HoxD-10. Second, the differential affinity of the promoters of the HoxD genes for the enhancer complex also modulates their expression (not shown here). Reproduced with permission from [1] .
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F Fi ig gu ur re e 2 2 Digit evolution and HoxD expression. ( (a a) ) In the evolution of the forelimb in different monkey species, morphological variation in digits 2-5 and the distal forearm (dark red) is correlated, whereas variation in digit 1 (green) corresponds to other independent regions. This phylogenetic pattern can be explained by variations in the late expression of HoxD-11 in the distal forearm and digits 2-5. ( (b b) ) Domains of late HoxD-11 expression in an embryonic mouse paw. HoxD-11 expression is indicated by brown staining. Digits are numbered in the same order as in (a). The position where the thumb will develop is on the left. Modified from [9] . Digital condensations remain undetermined until late stages [11] , against the common intuition that all patterning must occur in early limb buds. The evolutionary pattern in monkeys seems to reflect the importance of this fact.
B Bu ui il ld di in ng g o on n t th he e p pa as st t
The Hox gene expression patterns observed in developing mouse paws by Montavon et al. [1] and others are already present in basal bony fish such as paddle fish [12] and lungfish [13] , and even in cartilaginous sharks [14] , as an anterior region where developing fin rays express neither HoxD-11 nor HoxD-12. Hence, the Hox expression pattern necessary for thumb/digit 1 development did not evolve with the origin of digits or the thumb. The phenotypic differences between the thumb and the other digits evolved by taking advantage of an ancient asymmetry in the expression of transcription-factor genes that is at least as old as the jawed vertebrates. This asymmetry in gene expression in turn seems to have arisen not by adaptive pressure but because of a genetic constraint. A similar scenario has been demonstrated for the evolution of pigment patterns in the fly wing, where the expression domains of transcription factors leading to the development of a feature are phylogenetically older than the pigment spot itself [15] . Expression domains or 'regulatory regions' appear to constrain evolution, such that despite changes in the associated morphological outcome, each region remains independent. Biology is most exciting when explanatory narratives reach from the depths of molecular mechanisms to the broad patterns of macroevolutionary diversification. We are most fortunate to live at a time when this conceptual reach is being achieved.
